In this work, the electrochemical behavior of zirconium was studied on an inert molybdenum electrode at 550 °C in a LiCl-KCl-K 2 ZrF 6 molten salt system, which is considered as an ideal electrolyte for the zirconium electrorefining process. Several transient electrochemical techniques were used such as cyclic voltammetry, chronopotentiometry, square wave voltammetry, and open circuit chronopotentiometry. The reduction of Zr (IV) was determined to follow a two-step mechanism of Zr (IV)/Zr (II) and Zr (II)/Zr. The diffusion coefficient of Zr (IV) was investigated with cyclic voltammetry and chronopotentiometry, and the results turned out to be in fair agreement from the both methods, as to be 4.26×10 -5 and 4.98×10 -5 cm 2 /s, respectively. The present study aims to provide a theoretical reference for the Zr electrorefining process.
INTRODUCTION
Zirconium is an irreplaceable material in nuclear reactors for structural purposes and for containing nuclear fuels due to its extremely low neutron-capture cross-section [1] . The Zr cladding can be contaminated by the penetration of fission products and transuranic elements after long time use and lose the excellent nuclear properties [2] . Therefore, the recovery of Zr from contaminated Zr alloy scraps has been a research topic for decades in nuclear industry.
Pyroprocessing is a promising option for recycling and treating spent Zr alloys since it has benefits in terms of economic advantage and environmental safety. The molten salt electrorefining process is the key step of the pyrometallurgical route, which is able to effectively produce refractory metals and their alloys, and has been developed as an effective method for high purity Zr recovery from Zr alloy scraps [3, 4] .
For the Zr electrorefining process, the highly pure metallic Zr is selectively deposited on the cathode from the anode of Zr alloy scraps in the molten salt by applying an appropriate voltage/current density. In order to improve the efficiency and reliability of the electrolytic process, it is critical to comprehend the precise knowledge of redox behavior of Zr in the molten salt. So far, a number of investigations have been performed on Zr electrochemistry in chloride-based mediums such as LiCl-KCl-ZrCl 4 [2, 3, [5] [6] [7] [8] , NaCl-ZrCl 4 [9] , and NaCl-KCl-ZrF 4 [10] and -K 2 ZrF 6 [11] , for the reason of low-temperature operation. For the purpose of decreasing the hygroscopicity and volatility of the molten baths [12] , a few studies have been carried out in fluoride salt systems, such as LiF-NaF-KF (known as FLINAK) -ZrF 4 [13] and -K 2 ZrF 6 [14] , LiF-CaF 2 -ZrF 4 [15] , and LiF-KF-ZrF 4 [4, 16] . However, electrolysis in fluoride baths normally requires the operation temperatures of approximately 200 °C higher than that in chloride baths, which will consume much more energy and generate severe corrosion issue in the industrial-scale electrolytic cell.
From the literature survey [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , several oxidation states of 0, +I, +II, and +IV for Zr either in chloride or in fluoride salt system have been reported, but no consensus on the redox mechanism among these states has been found yet due to different experimental conditions of operation temperature, electrode material, salt composition and Zr ions concentration in the melt. The disagreement over explanations on Zr electrochemical behavior suggests that further investigation on Zr electrochemistry in molten salt is indispensable.
In the present study, the reduction/oxidation mechanisms of Zr was investigated in the LiCl-KCl eutectic melt which is considered as the ideal supporting electrolyte for the electrorefining process due to its low melting point and excellent conductivity. K 2 ZrF 6 was selected as the Zr ions source because of the much lower price compared to ZrF 4 and better stability than that of ZrCl 4 at high temperature. Transient electrochemical techniques of cyclic voltammetry, chronopotentiometry, square wave voltammetry, as well as open circuit chronopotentiometry were applied to investigate the typical redox potentials of Zr, reversibility of the electrode reactions, and diffusion coefficient of Zr ions in the molten melt. The present study aims to provide a theoretical reference for the Zr electrorefining from Zr alloy scraps in the molten salt.
EXPERIMENTAL
All the electrochemical experiments were carried out in a three-electrode system assembled in a corundum crucible, which was placed within the constant temperature zone of a stainless steel vessel and heated in an electric furnace. The experimental set-up used in this work was described in detail in the previous publication of our group [16] . The temperature in the experiment was measured with a Chromel-Alumel thermocouple with an accuracy of ±2 °C and maintained at 550 °C by a proportionalintegral-derivative (PDI) thermal controller. The inert experimental atmosphere was achieved with continuous argon gas circulation of 99.999% purity.
All the potentials in this work were measured with respect to an Ag/AgCl (1.0%) reference electrode, which was self-assembled in a round bottom mullite tube. A molybdenum wire (1 mm diameter, 99.95% purity) was served as the working electrode, and a graphite rod (6 mm diameter, spectroscopically pure) was used as the counter electrode. The electrodes were cleaned by polishing with fine abrasive paper and washing ultrasonically in distilled water and anhydrous ethanol before using.
All the chemical reagents employed in this study were of analytical grade. The mixture of LiCl-KCl with eutectic composition (59:41 mol%) was served as supporting electrolyte, previously dehydrated at 300°C for 72 h and pre-melted at 550°C for the removal of residual moisture. The premelted salt mixture was melted again at 550°C for the main experiments. Pre-electrolysis was performed with the applied voltage of 2.8 V between two graphite rods for 2 h to remove residual impurities in the system. Zirconium ions were introduced into the melt in the form of K 2 ZrF 6 (1 wt%). The electrodes were inserted in the molten melt with an immersion area of 0.4788 cm 2 for the working electrode, and sufficient equilibrium between the electrodes and the molten salt was guaranteed by immersing the electrodes in the melt for more than 2 h before the electrochemical measurements.
All the electrochemical measurements were carried out with the AUTOLAB/PGSTAT320 potentiostat from M/s. EcoChemie, the Netherlands. The data acquisition was conducted with GPES 4.9 software. The transient electrochemical techniques of cyclic voltammetry, chronopotentiometry, square wave voltammetry, and open circuit chronopotentiometry were used to study the electrochemical behavior of Zr in the molten salt.
RESULTS AND DISCUSSION

Cyclic voltammetry in LiCl-KCl with/without addition of Zr ions
Cyclic voltammograms in molten LiCl-KCl and in LiCl-KCl-K 2 ZrF 6 (1 wt%) systems with the scan rate of 100 mV/s for a molybdenum electrode at 550 °C were recorded in Fig. 1 . The CV curve of the blank LiCl-KCl eutectic represented in Fig. 1 inset delivered one redox couple of R 0 and O 0 over the potential range of 0 to -2.5 V, which are known as to be due to the deposition and dissolution of Li, respectively [8, 17] . No more redox peaks were found within this range, suggesting that the effects of impurities in the supporting electrolyte are negligible for all the electrochemical measurements.
With the presence of Zr ions in the molten melt, the recorded CV curve clearly showed two cathodic peaks of R 1 and R 2 at -1.05 and -1.30 V, respectively, and their corresponding anodic peaks of O 1 and O 2 were observed at -0.90 and -0.85 V, respectively, when the potential was swept back to positive side. Peak O 2 is hidden by O 1 due to the high peak current of O 1 . The multiple current peaks observed in the CV measurement indicate the multi-step redox mechanism of zirconium in LiCl-KCl. 
Cyclic voltammetry with varied scan ranges
A set of CV measurements in the molten LiCl-KCl-K 2 ZrF 6 melt with a scan rate of 100 mV/s were conducted for seven different scan ranges, and the results are shown in Fig. 2 . It can be seen that no current peaks were observed in the potential range of -0.1 to -1.0 V, indicating no reduction/oxidation reaction occurred in this range. When the scan range was expanded to -1.1 V, the reduction peak R 1 appeared in the CV curve and its corresponding oxidation peak O 2 was evident subsequently during the anodic scanning process. This redox couple is attributed to the soluble-soluble reactions involving Zr (II) and Zr (IV) ions, which are known as stable species in the LiCl-KCl system [8, 18] . The redox reactions for peaks R 1 and O 2 are represented in Eqs. (1) and (2) . This couple of redox reactions are expected to proceed slowly due to the low peak currents, which is mainly attributed to the small exchange current density in Butler-Volmer kinetics [2] .
Peak R 1 :
(1)
When the potential was swept over -1.2 V, the cathodic peak R 2 and its corresponding anodic peaks O 1 started to appear and the peaks turned out to be more and more identified as the expansion of potential range. The peak shape of O 2 was hard to be identified since peak O 1 was intensified when the scan range was extended to -1.6 V. The cathodic peak R 2 is believed to be associated with the formation of metallic Zr, mainly reduced from Zr (II) ions, and the anodic peaks O 1 should be corresponded to R 2 , representing the oxidation process of Zr to Zr (II). The electrochemical reactions for the redox couple of R 2 and O 1 are illustrated in Eqs. (3) and (4), respectively.
Peak O 1 : (4) Figure 2 . Cyclic voltammograms of the LiCl-KCl-K 2 ZrF 6 (1 wt%) system at 550 °C with the scan rate of 100 mV/s in varied scan ranges.
Cyclic voltammetry with varied scan rates
Cyclic voltammograms of the LiCl-KCl-K 2 ZrF 6 (1 wt%) melt with a fixed potential range from 0.0 to -1.7 V at varied scan rates are shown in Fig. 3 . It is clear that the redox peaks R 1 , R 2 and O 1 are well evident in the CV curves, whereas the peak shape of O 2 is less prominent since it is hidden by peak O 1 . In general, the peak currents of the redox peaks increased with increasing the scan rate. For the cathodic process, the peak potentials of R 1 and R 2 moved to negative side with the potential changes of 29 and 68 mV respectively, when the scan rate was increased from 100 to 1300 mV/s. The relationship between scan rate and peak potential/current for the cathodic reactions is shown in Fig. 4 . It can be seen from Fig. 4 (a) that the shift of peak potential for the electrode reaction either at R 1 or R 2 was small with the increase of scan rate from 100 to 1300 mV/s, which indicates the reversibility of the both cathodic reactions. Moreover, the linear dependence of peak currents of R 1 and R 2 on the square root of the scan rates represented in Fig. 4 (b) reflects a diffusion-controlled mass transfer for the cathodic process. 
Where A is the immersion area of the Mo working electrode (cm 2 ), n is the number of exchanged electrons, F is the Faraday constant (96485 C/mol), R is the molar gas constant (8.314 J/mol·K), T is the temperature (K), D is the diffusion coefficient of Zr ions (cm 2 /s), C is the molar concentration of Zr ions (mol/cm 3 ), and v is the scan rate (V/s).
According to the relationship of diffusion coefficient with the peak currents at varied scan rates, the diffusion coefficient of Zr (IV) ions in the molten LiCl-KCl-K 2 ZrF 6 (1 wt%) system at 550 °C was evaluated based on Eq. (5), as to be within the range of 1.64×10 -5 and 6.89×10 -5 cm 2 /s, resulting in a mean value of 4.26×10 -5 cm 2 /s. Moreover, the number of exchanged electrons for the cathodic process can be calculated according to Eq. (6), which is valid for the electrochemical reactions of reversibility [20] . (6) Where is the peak potential, and represents the half-peak potential.
In this study, the number of transferred electrons was estimated for the cathodic process at R 2 since the peak shape of R 1 is much less prominent. The n value for R 2 was evaluated at varied scan
rates of 100, 300, 500, 700, 900, 1100, and 1300 mV/s, and the corresponding results were turned out to be 2.07, 1.98, 1.95, 1.91, 1.88, 1.87, and 1.84, respectively, resulting in an average value of 1.93. The calculated data for n is in consistence with the cathodic mechanism concluded in section 3.2 that the electrochemical process at peak R 2 mainly involves the reduction of Zr (II) to Zr transferring two electrons, as illustrated in Eq. (3).
Chronopotentiometry
Typical chronopotentiograms with various applied current densities on the Mo electrode at 550 °C are shown in Fig. 5 . The chronopotentiograms at low electrode currents of -10 to -20 mA represented in Fig. 5 (a) exhibit a transition time plateau at about -1.05 V, which is mainly due to the reduction of Zr (IV) to Zr (II) ions as concluded previously in the cyclic voltammetry analysis. In the case of high applied current densities, the plateau at approximately -1.30 V due to the Zr (II)/Zr couple is clearly evident in the chronopotentiograms, which completely masked the plateau for Zr (IV)/Zr (II) couple appeared at low current densities, as can be seen in Fig. 5 (b) . The plateau evidenced at much more negative potential region represents the reduction of Li. In general, the transition time decreased with the increase of the applied electrode current densities, which further confirms the reduction of zirconium is a diffusion-controlled process. The time-current relationship for a diffusion-controlled electron transfer process is given by the Sand's law for the purpose of diffusion coefficient evaluation for Zr ions in the melt, as seen in Eq. (7) [19] . (7) The diffusion coefficient of Zr (IV) in the LiCl-KCl eutectic melt at 550 °C evaluated with Eq. [22] in the molten LiCl-KCl eutectic at 500 °C with experimental and computational methods. Fig. 6 shows the current reversal chronopotentiograms for the molybdenum electrode at various applied current densities. It is seen that an anodic plateau in corresponding to the cathodic one is clearly identified after the current reversal for each applied current density on the electrode, and both of the anodic and cathodic transition time is determined to be almost equal to each other, as to be approximately 4.4, 3.7, 2.7, and 2.0 s with the electrode current of ±40, ±45, ±50, and ±55 mA, respectively. The equality of transition time indicates the deposition and dissolution of an insoluble compound during the cathodic and anodic processes, which further confirms that the metallic Zr was formed on the electrode through the reduction reaction of Zr (II)/Zr at about -1.30 V, as illustrated in Eq. (3).
Square wave voltammetry
A more sensitive transient electrochemical technique of square wave voltammetry [17, 23] was carried out to further investigate the electrochemical behavior of zirconium in the LiCl-KCl eutectic with the emphasis on the reduction process of Zr (IV). Fig. 7 shows a set of the typical square wave voltammograms of the LiCl-KCl-K 2 ZrF 6 (1 wt%) system with the signal frequencies varying from 20 to 40 Hz. It is seen that the current peaks for R 1 and R 2 were well identified in the voltammograms, which are attributed to the multi-step reduction process of Zr (IV). Eq. (8) gives the relationship between the half-width of the peak and the number of transferred electrons for n values estimation, which is valid for reversible electrochemical systems. It can be seen from Fig. 7 that the peak shapes of R 1 and R 2 are not symmetrical in nature. Similar phenomena have been reported previously for U (III) and Nd (III) by Taxil et al. [24, 25] , Er (III) by Castrillejo et al. [26] , and Zr (IV) by Ghosh et al. [8] , and the reason was considered to be the change of the electrode surface state during the electrochemical process. The way of the measurement of W 1/2 data for the current peaks of asymmetry has been illustrated in detail in literature [25] . The numbers of transferred electrons evaluated based on Eq. (8) at the signal frequencies of 20, 30, and 40 Hz were turned out to be 2.12, 2.04, and 1.95, respectively, for R 1 , and 2.21, 2.16, and 2.04, respectively, for R 2 . The results delivered average n values of 2.04 and 2.13 for R 1 and R 2 respectively, confirming that the reduction of Zr (IV) follows a two-step mechanism of Zr (IV)/Zr(II) and Zr (II)/Zr, as concluded in the CV analysis. Open circuit chronopotentiometry was carried out to comprehend the oxidation mechanism of zirconium in the molten LiCl-KCl eutectic. The metallic Zr was first deposited on the molybdenum electrode at -2.5 V for 5 s and then the electrochemical control was switched off. The open circuit potential of the working electrode was recorded as a function of time as shown in Fig. 8 . The first anodic plateau was evidenced at around -2.2 V, which is attributed to the dissolution of Li. The subsequent plateaus identified at about -1.0 and -0.8 V are corresponded to the two-step oxidation process of zirconium, associating with the couples of Zr/Zr (II) and Zr (II)/Zr (IV).
Open circuit chronopotentiometry
CONCLUSIONS
The present study examined the redox mechanism of zirconium in a molten LiCl-KCl-K 2 ZrF 6 system on an inert molybdenum electrode at 550 °C with several transient electrochemical techniques of cyclic voltammetry, chronopotentiometry, square wave voltammetry, and open circuit chronopotentiometry. The reduction of Zr (IV) was found to be a two-step process of Zr (IV)/Zr (II) and Zr (II)/Zr. This cathodic mechanism was further confirmed by the theoretical evaluation of number of transferred electrons through cyclic voltammetry and square wave voltammetry analysis. The diffusion coefficient of Zr (IV) in the melt was determined to be about 4.26×10 -5 cm 2 /s by cyclic voltammetry, and approximately 4.98×10 -5 cm 2 /s through chronopotentiometry. The results obtained by both the methods are in good agreement.
